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Modern office buildings are often open plan buildings with a frame consisting of flat 
RC  slabs,  RC  columns  and  non-load  bearing  internal  and  external  partitions  and 
facades.  These modern framed structures are more flexible than older conventional 
buildings with load bearing walls and are less susceptible to differential settlement 
damage.    The  use  of  conventional  guidelines  for  differential  settlement  on  modern 
flexible framed structures may therefore be over-conservative. 
  The  literature  review  of  the  study  highlights  the  factors  producing  differential 
settlement,  the  types  of  damage  caused  by  differential  settlement  and  conventional 
guidelines  for  limiting  differential  settlement  damage.    Conventional  guidelines 
focusing on 2D structures lack provision for the 3D deformation of a structure. 
  To  determine  the  behaviour  of  a  modern  flexible  framed  structure  a  numerical 
experiment  was  performed,  which  consisted  of  the  design  according  to  British 
Standards and Eurocodes of a 3D, 5-bay by 5-bay, 6 storey flat slab RC frame with pad 
foundations on clay.  The behaviour of the designed structure undergoing differential 
settlement was then analysed by means of linear-elastic finite element analyses. 
  The results show firstly that it is possible to normalise structural behaviour to the soil-
structure stiffness ratio, secondly the importance of 3D deformation of the structure and 
thirdly  that  stiffer  load-displacement  responses  of  foundations  may  also  affect  the 
behaviour of the structure.  A stiffer load-displacement response may occur with the 
reuse of foundations. 
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is a summary of the structural design values and measured floor loads.  The maximum 
imposed load on a floor slab was 10.57 kN/m².  The high level of load on the floor slab 
is due to the load of the backprops on the slab supporting the formwork and casting of 
the above slab. It is important to note that not all the floor slabs will be subjected to the 
maximum live load simultaneously.  As construction progresses and props are removed 
live loads will change to dead loads as each floor slab supports itself. 
 
Krishna (1995) describes the complexities in measuring wind loads on buildings.  Wind 
loads on buildings depend on wind strength, direction of the wind with respect to the 
building, the surrounding area i.e. other buildings; and the geometry of the building.  
Meecham (1992) has reported that for a hip roof, peak pressures are reduced by as 
much as 50% compared with those of a gable roof.  Likewise Blackmore (1988) has 
reported on the effect of chamfering building edges at different angles.  He has reported 
that roof loads reduce with increase in chamfer angle.  Reductions as high as 70% in 
average load on a corner panel and 30% in overall design load are observed.  It is 
therefore extremely difficult to generalise average wind load and duration on buildings. 
Extreme wind loads are usually of a limited duration and are often taken into account 
for strength and serviceability calculations i.e. vibration of panels.  Due to the short 
duration it normally does not affect settlement of foundations. 
 
Dead loads comprise all permanent gravity loads including the floors, walls, columns, 
services  and  finishes.    The  dead  load  depends  on  the  materials  used  within  the 
structure.  A concrete structure is usually heavier than a steel structure as shown in the 
following examples of typical dead loads. 
 
A typical dead load of a concrete frame for an office building may be summarised as 
follows. (Refer to Chapter 3 for details of the sizing of the elements according to the 
structural design. Densities derived from BSI 6399-1: 1996.) 
·  A 300 mm concrete floor slab with a concrete density of 25 kN/m³ results in a 
distributed load per floor of 7.50 kN/m².  
·  Concrete  columns  (2.7 m x 450 mm  x 450 mm)  spaced  at  7.5  m  centre  to 
centre will increase the average floor load by 0.23 kN/m².  
·  Combining these gives an indication of magnitude of expected dead load for 
the typical concrete frame of 7.73 kN/m² per storey. 
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A typical dead load of a steel frame for an office building may be summarised as 
follows. (The loads are derived from worked examples for the design of steel structures 
as prepared by the Building Research Establishment, The Steel Construction Institute 
and Ove Arup & Partners (Building Research Establishment, 1994) 
·  A  raised  floor  on  130  mm  lightweight  concrete  on  profiled  metal  decking 
results in a distributed load per floor of 2.70 kN/m².  
·  Beams (406 x 140 x 46 UB) at 2.5 m spacing in the x-direction and beams 
(610 x 229 x 101 UB) at 7.5 m spacing in the y-direction results in a distributed 
load per floor of 0.31 kN/m².  
·  Steel  columns  (254  x  254  x  73  UC) spaced at  7.5 m  centre  to  centre  will 
increase the average floor load by 0.03 kN/m².  
·  Combining these gives an indication of magnitude of expected dead load for a 
typical steel frame of 3.04 kN/m² per storey. 
 
From  the  above  examples  it  is  evident  that  the  typical  load  of  a  concrete  frame 
(7.73 kN/m² per storey) is more than twice the load of a similar steel frame (3.04 kN/m² 
per storey). 
 
The British Standards Codes and the Eurocodes are currently acceptable design codes 
for the UK and the suggested design loads will therefore be compared. The current 
suite of British Standards Codes, will in due course be almost entirely replaced by the 
system of Eurocodes and it is expected that the replacement will be complete by about 
2010 (Department for Communities and Local Government, 2006). 
 
Eurocode  7  (EN  1997-1:  2004)  offers  a  choice  (or  combination)  of  4  methods  for 
geotechnical design: 
·  Using ultimate limit state design calculations for ULS and SLS. 
·  Using prescriptive measures. Prescriptive measures involve conventional and 
generally conservative rules in the design and usually involve the application of 
charts,  tables  and  procedures  that  have  been  established  from  comparable 
experience. 
·  Using tests. Designs may be based on the results of load tests; or 
·  Using the Observational Method.  The Observational Method is a continuous, 
managed, integrated process of design, construction control, monitoring and 
review that enables previous modifications to be incorporated during or after 
construction as appropriate. 22 
at different ages.  The concrete stiffness increased by 4 GPa to 5 GPa in a wet sample.  
Figure  2.12  (Neville, 1981)  shows  the  variation  of  stiffness  between  cement  paste, 
aggregate and concrete.  The stiffness of the aggregate and cement paste is linear with 
concrete being nonlinear.  The stiffness of the aggregate is approximately 4 times the 
stiffness of cement paste and an increase in aggregate in the mix will therefore increase 
the stiffness of the concrete.  A stiff aggregate can approximately double the stiffness 
of the concrete in comparison to a low stiffness aggregate. 
 
Shrinkage,  creep  and  cracking  affect  the  stress  within  the  concrete  member  and 
therefore also the stiffness of the concrete member.  Table 2.12 (Neville, 1981) shows 
the effect of aggregate/cement and water/cement ratio on shrinkage of concrete.  An 
increase  in  the  aggregate/cement  ratio  leads  to  a  decrease  in  shrinkage.    Using  an 
aggregate/cement ratio of 3 instead of 7 will increase the shrinkage by 4 times.  An 
increase in water/cement ratio will lead to an increase in shrinkage.  Using a water 
cement ratio of 0.7 instead of 0.4 will approximately double the shrinkage.  Figure 2.13 
(Neville, 1981) shows the effect of stiffness on shrinkage.  An increase in stiffness will 
lead to a decrease in shrinkage.  Concrete with a Young’s modulus of 35 GPa will 
experience  approximately  half  the  shrinkage  of  a  15  GPa  concrete.    Figure  2.14 
(Neville, 1981) shows the effect of different types of aggregate on shrinkage over time.  
Using  sandstone  instead  of  quartz  aggregate  can  double  the  amount  of  shrinkage.  
Figure  2.15  (Neville,  1981)  shows  the  effect  of  relative  humidity  on  shrinkage  of 
concrete.  A decrease in relative humidity leads to an increase of shrinkage over time.  
Shrinkage for concrete typically ranges from 0 to 1.2 x 10
-3.    
 
Creep in concrete can be defined as the increase in strain under sustained stress, or as a 
decrease in stress within the member under constant strain.  In most structures creep 
and  shrinkage  occur  simultaneously.    Creep  depends  on  aggregate  content, type  of 
aggregate, type of cement, applied stress, concrete strength, humidity, size of specimen, 
temperature and time (Neville, 1995).  Figure 2.16 (Neville, 1981) shows the effect of 
creep on stress over time at a constant strain.  The creep resulted in a 50% decrease in 
stress within 80 days for this specific sample.  Figure 2.17 (Neville, 1981) shows the 
effect of aggregate type on creep.  Using sandstone aggregate instead of limestone 
aggregate can double the amount of creep.  Figure 2.18 (Neville, 1981) shows the effect 
of admixtures on the creep in concrete over time.  Certain admixtures can increase 
creep by up to 30%.  Figure 2.19 (Neville, 1981) shows the effect of relative humidity 
on creep over time. A humidity of 50% can increase creep with 150% in comparison to 32 
framed structures often allows for movement by either leaving gaps or the connection 
detail.    This  results  in  the  capability  to  accommodate  more  differential  settlement 
without  damage  in  comparison  to  older  load  bearing  structures.  This  leads  to  the 
following questions about modern open plan structures: 
·  How  much  differential  settlement  can  the  facades  /  partitions  on  modern 
structures withstand without signs of damage? 
·  Will visible cracking or functional damage be the limiting factor? 
·  How much more differential settlement can a modern structure withstand in 
comparison to an old structure with load bearing walls? 
·  Is  it  sensible  to  apply  established  approaches  for  old  structures  with  load 
bearing walls to modern open plan structures? If not, what approach needs to 
be followed? 
 
To answer these questions damage needs to be linked to differential settlement.  The 
following section will discuss differential settlement guidelines and the applicability to 
old and modern structures.  
2.4.2  Guidelines to prevent differential settlement damage 
This  section  considers  the  relationship  between  differential  settlement  and  damage.  
Firstly, angular distortion limits to prevent damage based on a simple frame analysis 
are  suggested.  Secondly,  empirical  limits  based  on  a  number  of  case  studies  are 
presented and compared to each other as well as to the limits suggested by the frame 
analysis.  Thirdly a fundamental method linking damage to differential settlement is 
presented through the use of tensile strain as a serviceability parameter and a 2D beam 
analysis.  These limits are compared to case studies.  Lastly the limitations of the 
current methods are discussed.  
 
Meyerhof (1947) analysed a five storey three bay reinforced concrete frame and found 
that an angular distortion of 1/950 caused an increase in bending moment of 74% in the 
beam with the largest bending moment prior to differential settlement.  A beam already 
at  working  stress  before  differential  settlement  with  a  74  %  increase  in  bending 
moment would be expected to show damage in the form of cracking. 
 
Skempton and MacDonald (1956) however followed another approach and summarised 
settlement and damage observations on 98 buildings, 40 of which showed signs of 
damage.  The buildings studied were mostly steel and reinforced concrete structures 37 
studies, in spite of its simplicity.  The data also shows that frame buildings can tolerate 
more settlement than load bearing walls. 
 
Boscardin and Cording (1989) included horizontal strain in the above analysis using 
superposition.    This  will  not  be  discussed  because  horizontal  strains  are  usually 
associated with tunnelling and exaction which is outside the scope of this report. 
 
The above analyses assume that the behaviour of a 3D structure undergoing differential 
settlement can be represented by a simplified 2D beam undergoing bending and shear 
deformation.  For  damage  prediction,  the  deformation  and  maximum  tensile  strain 
within  the  beam  are  calculated  and  compared  to  known  critical  tensile  strains  for 
damage in infill panels.  For this method to be valid the following criteria need to be 
satisfied: 
·  Insignificant differential settlement must occur perpendicular to the plane of 
bending.    This  may  happen  where  differential  settlement  occurs  due  to 
tunnelling or open excavations parallel to the structure, however differential 
settlement driven by the self weight of the building results in 3 dimensional 
deformation of the structure. 
·  The complete building (including facades and partitions) is constructed before 
any differential settlement occurs.  This may be a justifiable assumption if the 
differential settlement is caused by adjacent excavation after the completion of 
the building. However, for differential settlement driven by the self weight of 
the building the change of stiffness of the structure and the settlement that 
occurs as construction progresses, needs to be taken into account. 
·  The facades and partitions are fixed to the frame and no allowance is made for 
differential settlement.  Gaps or brackets allowing for movement will reduce 
the strain in facades and partitions. 
 
The current state of the art as presented above gives valuable insight into damage due 
to differential settlement and the works presented here can be summarised as follows: 
·  The  frame  analysis  by  Meyerhof  (1956)  resulted  in  a  conservative  angular 
distortion value of 1/950 for an open frame when compared to case studies.  
This is most likely due to overestimated live load and the stiffness effect of 
walls and partitions in the case studies. 
·  Structures  can  be  divided  into  3  categories  with  the  following  suggested 
angular distortion limits: 39 
·  Ultimate limit state design loads are significantly higher (up to 8 times) than 
expected loads during normal use.  
·  Although  foundation  load-displacement  response  is  non-linear,  the  load-
displacement  behaviour  of  foundations  loaded  within  the  design  loads  on 
overconsolidated clays is close to linear elastic. 
·  Reused  foundations  have  been  preloaded  and  will  have  a  stiffer  load-
displacement response than a similar new foundation.  The increase in stiffness 
of the load-displacement response depends on the loading and soil type. 
·  The ratio of immediate to total settlement of a foundation on overconsolidated 
clay will be in the range of 0.35 to 0.75. 
·  The stiffness of a building that is loaded progressively during construction is 
about half the stiffness of the completed building. 
·  The  need  exists  for  accurate  building  stiffness  predictions  and  the 
normalisation of soil-structure stiffness. 
·  On  structures  with  load  bearing  walls,  the  first  damage  to  occur  due  to 
differential settlement will in most cases be visual damage.  Structural damage 
will only occur at larger differential settlements. 
·  The current state of the art guidelines to prevent differential settlement damage 
are based on the assumption that the behaviour of the 3D structure can be 
represented by a simplified 2D structure. 
·  The current state of the art guidelines to prevent differential settlement damage 
are focussed on older, rigid, masonry infill buildings.  These acknowledge that 
the behaviour of flexible structures may be different and the guidelines are only 
applicable  to  rigid  structures,  however  minimal  guidance  is  given  on  the 
behaviour of 3D flexible structures. 
 
From the literature it is evident that the current state of the art may not be applicable to 
modern flexible structures.  The need exists to investigate the full 3D behaviour of 
modern flexible buildings with or without the reuse of foundations. 
 80 
numerical model is presented.  Thirdly the verification of the model is discussed and 
lastly typical results are presented.  Chapter 4 contains a discussion of the analyses. 
3.1  Structural design 
3.1.1  Layout 
To investigate the behaviour of a modern flexible frame structure the layout of the 
structure under investigation needed to be defined.  For a representative structure the 
following assumptions were made: 
·  The structure was a 6 storey frame with 5 bays in each direction.  This structure 
was chosen to provide a sufficiently large structure to evaluate the change in 
behaviour from external to internal bays and for subsequent levels.  This was 
also the upper limit for the number of foundations and surrounding soil which 
the finite element analysis software could mesh adequately, given the computer 
software that was available.   
·  Floor and roof slabs were reinforced flat concrete slabs, i.e. no beams.  Modern 
office  buildings  often  use  flat  slab  construction.  The  use  of  flat  slabs  also 
simplifies the geometry of a finite element model. 
·  Floor spacing was 3 m centre to centre which is typical of modern buildings. 
·  Columns were reinforced concrete with the same dimensions throughout the 
structure, i.e. sized according to the largest column load which is an internal 
ground  floor  column.    This  simplified  the  design  and  the  finite  element 
modelling. 
·  Column spacing was 7.5 m centre to centre which is typical for current flat slab 
construction. 
·  External facades and internal partitions were assumed not to alter the frame 
stiffness, i.e. movement was allowed between the facade or partition and frame.  
·  Ground floor columns were supported by individual pad foundations at 5 m 
below ground level.  The 5 m depth ensured enough bearing capacity on an 
assumed London Clay for individual pad foundations for each column.  Three 
different foundation sizes were used for corner, edge and internal foundations.  
·  The ground floor slab was supported by the underlying soil and not connected 
to the structure. 
 
The  complete  structure  layout  was  based  on  the  above  assumptions  as  shown  in 
Figure 3.1. 81 
 
3.1.2  Structural sizing 
The structure as shown in Figure 3.1 was designed according to British Standards to 
determine member sizes.  Eurocode 7 was used to determine the foundation footprint.   
 
The design was based on the following characteristic loads derived from the British 
Standards. 
·  A  uniform  distributed imposed floor load  of 2.5  kN/m²  and  a concentrated 
point load of 2.7 kN (BSI 6399-1: 1996). 
·  A uniform distributed imposed roof load of 1.5 kN/m² (BSI 6399-3: 1988). 
·  A horizontal uniform distributed wind load of 1.4 kN/m² (BSI 6399-2: 1997). 
·  A uniform distributed dead load of 0.419 kN/m² on the roof represented the 
asphalt waterproofing. 
·  A uniform distributed dead load of 0.566 kN/m² on the floor represented the 
floor finish; and  
·  A line load of 7.241 kN/m on the edge of each floor slab, represented facades 
(BS 648: 1964). 
 
Note the above loads were for the ultimate limit state design and the live loads were 
significantly higher than the expected long term loads during the normal use of the 
structure.  For the subsequent finite element analysis of the behaviour of the structure 
an expected uniform distributed imposed floor load of 0.5 kN/m² with no imposed roof 
or wind load was used.   
 
Design loads were calculated using combinations of partial safety factors as described 
in BSI 8110-1 (1997). Appendix A shows the design load calculations.  The following 
partial safety factors were used: 
·  Adverse dead load: 1.4. 
·  Beneficial dead load: 1.0. 
·  Adverse imposed load: 1.6, and 
·  Beneficial imposed load was neglected. 
 
A C25/30 concrete as suggested by the BSI 8500-1 (2006) for office buildings and 
reinforcing steel with a 500 MPa tensile strength (BSI 8110-1: 1997) were used for the 
design. 88 
 
The  maximum  displacement  (1.1  mm)  of  the  modelled  slab  with  clamped  edges 
correlated  well  with  the  solution  by  Timoshenko  (1.0  mm).    The  maximum 
displacement  on  the  modelled  slab  (22.3  mm)  was  significantly  more  than  the 
displacement  of  the  slab  that  was  simply  supported  on  the  edges  (3.3  mm).    This 
showed  that  line  supports  reduced  the  displacement  significantly  in  comparison  to 
pinned point supports. 
 
Figure 3.7 shows the vertical displacement of a complete level with 25 bays on pinned 
supports.  Loading was the same as for the single bay except for the added line load of 
7.241 kN/m at the edge of the floor slab which represented the weight of the external 
facade.  The maximum vertical displacement for the corner slabs was 13.8 mm. For the 
edge slabs it ranged from 8.7 mm to 9.6 mm, and for the internal slabs it ranged from 
3.4 mm to 5.9 mm. This clearly showed the effect adjacent bays had on the reduction of 
the deflection of the slabs.  
 
Figure 3.8 shows the vertical displacement of the complete six storey superstructure on 
fixed supports at ground level. It is important to note that the top level was the roof slab 
with a thickness of 250 mm with no live load and therefore the vertical displacement 
will vary from a typical floor slab.  The maximum vertical displacements of the top 
floor level (not roof) are summarised in Table 3.2 (column 2).  It is clear the vertical 
displacements were significantly higher than for the single 25 bay slab (column 1).  
This  was  due  to  the  shortening  of  the  columns  under  load.    Normalising  the  slab 
vertical displacement by subtracting the average vertical column displacement for the 
specific bay gave the displacements as shown in column 3.  These values correlated 
well with the values of the single 25 bay slab.  Column 4 gives the values of column 
displacement at the top floor calculated by the assumption that each column supported 
25%  of  each  adjacent  span.  The  values  correlated  well  with  the  values  from  the 
numerical model. 
 
The sum of the vertical reactions at the supports in the model was within 2% of the 
total load takedown determined by hand calculations.  Assuming each ground level 
support carried the columns above and 25% of the adjacent bays, an estimation of the 
expected column loads was made.  Table 3.3 shows the comparison between column 
loads from the numerical model and hand calculation.  All of the column loads were 
within 10% of the estimated values, which shows that the model behaved as expected. 90 
More  than  50  model  load-displacement  responses  were  analysed  to  determine  an 
optimal model.  Figure 3.9 shows the dimensions of the optimised zones with respect to 
the foundation width.  Table 3.4 shows the effect of halfspace size, element type and 
element size on the load-displacement response.  The type of halfspace element had a 
significant  effect  on the accuracy  of  the  solutions.   A  TH4  element  was  a  4  node 
tetrahedral  element  and  a  TH10  was  a  10  node  tetrahedral  element  capable  of 
modelling curved boundaries. Changing from a TH4 to a TH10 element reduced the 
error from 35.9% to 7.0%.  An increased halfspace size and the use of a finer mesh 
discretisation reduced the error.  Model 2 was chosen as a basis for the discretisation of 
the large model.  Although this model was not the most accurate model, having a 7.0% 
error, it used fewer elements than the more accurate models and therefore significantly 
reduced the number of elements in the whole model.  The ratios of the zone dimensions 
and the element sizes from the single pad foundation were applied separately to each 
foundation in the large model, as well as to the overall footprint of the building.  In 
overlapping areas, the finer mesh was used.  The layout from Model 2 was the upper 
limit with respect to elements that could be modelled successfully for the complete 
geometry. 
 
Using the above discretisation the structure with foundations on an elastic halfspace 
with a Young’s modulus of 10 MPa was modelled.  A comparison of the column loads 
at ground level showed that the total load in the model was within 1 % of the total load 
takedown.  This model was used to verify the suitability of the slab discretisation and 
element type.  The columns loads were calculated and compared for both 4 noded and 8 
noded quadrilateral elements.  Each bay was divided into either 4, 8, 12, 16 or 20 
divisions. Figure 3.10 shows the column loads of the models normalised to the column 
load of the 12 divisions, 8 noded elements (which was used for further modelling).  It 
was evident that the 8 noded element resulted in more accurate predictions than the 4 
noded element.  With the 8 noded element the structure was insensitive to the number 
of divisions with the difference in column load between 2 and 12 divisions being less 
than 3%.  The suitability of the column mesh was tested by comparing the ground level 
column loads for 4, 8 and 12 column mesh divisions.  The change of column loads 
were within 0.1% of each other and therefore the difference between using 4, 8 or 12 
divisions was insignificant.  8 column divisions were used for the final model. 
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3.4  Typical model results 
In this section typical modelling results are presented.  Specific aspects are discussed in 
detail in Chapter 4, discussion of results.   
 
For the design, an undrained soil strength of 90 kPa was assumed.  Based on Figure 3.5 
the stiffness of clay with an undrained shear strength of 90 kPa at 0.1% strain typically 
ranged from 22.5 MPa to 90 MPa.  A stiffness value of 50 MPa was used for the model.  
Figure 3.11 shows the vertical strain under the pad foundations. The vertical strain for 
the internal foundations typically ranged from -0.1% to -0.2% and for the edge and 
corner foundations from -0.075% to -0.15%.  Further away from the foundation base 
the strain was lower, which may have resulted in a higher stiffness. 
 
Figure  3.12  shows  the  vertical  displacement  at  foundation  level.    Foundation 
displacements ranged from 20 mm to 45 mm.  Equation 3.4 was used to calculate single 
rigid  foundation  settlement  for comparison.    Using  a  load takedown  (based  on  the 
assumption  that  each  column  supports  half  of  the  span)  foundation  loads  were 
calculated.  With the foundation load, a soil stiffness with Young’s Modulus of 50 MPa 
and a Poisson’s ratio of 0.2, the following rigid foundation settlements were calculated 
according to Equation 3.4: 
·  Single corner foundation: 5.6 mm. 
·  Single edge foundation: 7.4 mm. 
·  Single internal foundation: 9.8 mm. 
·  Total superstructure footprint (37.5 m x 37.5 m): 37.9 mm. 
·  Total ‘foundation’ footprint (41.7 m x 41.7 m): 34.1 mm. 
The  single  rigid  foundations  had  significantly  less  settlement  than  the  combined 
foundations in the finite element model.  This was due to the interaction effect of the 
adjacent foundations.  The total rigid ‘foundation’ footprint settlement correlated well 
with the finite element model.  As expected the rigid settlement was within the range of 
the settlement of the model with a flexible structure. 
 
Figure 3.13 shows the vertical stress beneath the foundations.  The vertical stress under 
the foundations ranged from 40 kPa to 110 kPa.  The total building load (including the 
foundations) divided by the total foundation area gave an average vertical stress of 
115 kPa, which was higher than the range of 40 kPa to 110 kPa.  The stress contours in 92 
this  figure  are  ‘smoothed’  and  based  on  averaged  nodal  values  derived  from 
extrapolation of the values in the integration points. 
 
Figure 3.14 shows the vertical displacement of the structure.  The maximum vertical 
displacement was 67.3 mm at the midspan of a roof slab.  This displacement was due to 
foundation settlement, column compression and slab deflection. 
 
Figure 3.15 shows the pattern of the bending moment on the first floor slab.  The 
bending moments in the floor slabs are discussed in detail in Chapter 4, discussion of 
analyses. 
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4  DISCUSSION OF ANALYSES 
This  chapter  discusses  the  results  from  the  finite  element  analyses.    Firstly  the 
normalisation of the data is discussed. The normalisation of the data allows for the data 
of a limited number of models to be applied to a wider range of models, based on the 
structure’s relative bending stiffness.  Secondly the loads generated within the model 
are compared to the strength of the materials to determine possible failure.  Thirdly the 
structural deformation is compared with suggested limits from the literature review.  
Fourthly the effect of variation in foundation load-displacement response is discussed.   
4.1  Normalisation of data 
The behaviour of a structure undergoing differential settlement is determined by the 
relative bending stiffness.  The relative bending stiffness depends on the: 
·  stiffness of the building materials, 
·  geometry of the building, 
·  geometry of the foundation; and 
·  soil stiffness. 
By normalising the relative bending stiffness the behaviour of a few specific models 
can be applied to a wider range of structures, based on the relative bending stiffness. 
 
The  magnitudes  of  column  loads  at  ground level  were  used  as an  indicator of  the 
behaviour of the structure.  Due to symmetry within the structure only six column loads 
needed to be used.  Figure 4.1 shows the location of the columns.  Column A1 is the 
corner column, A2 and A3 are the two edge columns, B2, B3 and C3 are internal 
columns with C3 being the nearest to the centre of the structure.  Figure 4.2 shows the 
column loads for the 5 bay structure with an imposed load of 0.5 kN/m² on the floors, 
an imposed line load on the edges of the floor slabs of 7.241 kN/m representing the 
facades, a concrete stiffness of 13 GPa and a soil stiffness that ranges from 100 Pa to 
1000 GPa.  The wide range of soil stiffness is unrealistic for real soils; however it 
provides valuable insights into the theoretical structural behaviour.  From Figure 4.2 it 
is evident that the column loads at ground level are approximately constant for soil 
stiffnesses larger than 100 MPa.  The column loads at ground level vary for a stiffness 
range from 0.01 MPa to 100 MPa.  For soil stiffnesses lower than 0.01 MPa the column 
loads are also constant.  The change in columns loads and the ultimate strength of the 
structure are discussed in detail in the following section. 116 
4.2  Structural strength 
This  section  discusses  the  loads  within  the  numerical  linear-elastic  models  and 
compares them to the strength of the members. The strengths of the members were then 
compared to the loads from the linear-elastic model to indicate possible concrete or soil 
failure. 
 
Concrete,  reinforcement  steel  and  soil  have  non-linear  stress-strain  characteristics.  
Modelling this behaviour numerically on a full scale structure is complex and requires 
significant computing power; therefore a simplified linear elastic model was used to 
model the behaviour of the structure.   
 
Because  linear-elastic  numerical  models  were  used  to  determine  the  effect  of 
differential settlement on the loads within the structure, the maximum load in the model 
could be infinitely high (depending on the deformation), whereas in a real building the 
material may fail, limiting the load.  Under normal operating conditions the structural 
members are not intended to be stressed to failure; therefore comparing the load in the 
linear-elastic  model  to  the  strength  gives  an  indication  of  the  performance  of  the 
structure. 
 
The structural strength of reinforced concrete members varies and is influenced by the 
strength  of  the  individual  materials  and  production  controls.    To  ensure  adequate 
member  strength  the  British  Standards  Institution  (BSI  8110-1:  1997)  design  code 
recommends  the  use  of  partial  safety  factors  for  ultimate  limit  state  design.      A 
characteristic material strength is defined as the strength of the material at which less 
than 5% of all possible test results are expected to fail.  The characteristic material 
strength is then reduced by a partial safety factor which depends on the type of material 
and application to calculate design strength.  For example, the characteristic strength of 
reinforcement steel is divided by a factor of 1.15 and concrete in flexure or axial load 
by a factor of 1.50.  The same principle applies for loads.  Characteristic loads are 
calculated  and increased  by  a  partial  safety  factor  depending  on  the  load  type  and 
application.  In the design, the design load should be less than the design strength, to 
ensure a safe structure.  Under normal operating conditions the actual load will be 
significantly less than the design load and the element strength will be higher than the 
design strength. 
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·  A  linear  model  with  a  concrete  stiffness  of  780 000 GPa  for  both  the 
superstructure and the foundations. 
 
The results show that the stiffness of the foundations has an influence on the column 
loads: 
·  The load in the corner column (A1) was reduced by 14% in the non-linear 
model with a 13 GPa foundation concrete stiffness and 34% in the non-
linear model with a 780 000 GPa concrete stiffness.  
·  The loads in the edge columns (A2, A3) were reduced by between 1% and 
4% in the non-linear model with a 13 GPa foundation concrete stiffness 
and 11% in the non-linear model with a 780 000  GPa concrete stiffness. 
·  The loads in the internal columns (B2, B3, C3) ranged from a reduction of 
5% to an increase of  9% in the non-linear model with a 13 GPa foundation 
concrete stiffness and increase of between 56% and 65% in the non-linear 
model with a 780 000  GPa concrete stiffness. 
 
It  is  evident  that  the  foundation  and  soil  stiffness  have  a  significant  effect  on  the 
column loads and yielding of foundations may protect the structure against column 
failure. 
4.2.3  Slab bending moment 
For a ‘rigid’ structure (i.e. in Zone 3) redistribution of column loads may be possible by 
bending  of  the  slabs.    Increased  bending  moments  resulting  in  column  load 
redistribution  may  lead  to  stresses  which  exceed  the  available  strength  leading  to 
excessive deformation, shear failure or the formation of plastic hinges and structural 
damage.  It is therefore important to check the implied bending stresses for the finite 
element analysis with the actual strength of the concrete. 
 
For the design of the structure a simplified 2D frame analysis was used to determine the 
design bending moments in the slabs.  These design bending moments were compared 
to the bending moments in the slabs calculated by the linear elastic 3D finite element 
analysis  to  determine  possible  failure  of  the  structure.    To  compare  the  bending 
moment of the 3D finite element model with those of the design 2D frame, the 3D 
model was divided into a series of 2D frames.  The frames are shown in Figure 4.11.  
The bending moment for the frame was calculated by averaging the bending moments 
of the integration points for each row of elements perpendicular to the 2D plane. 123 
actual soil stiffness and the structure stiffness.  A decrease in soil stiffness results in an 
increase of tilt.  A decrease of structural stiffness also results in an increase of tilt; 
therefore a flexible structure is more likely to suffer from tilt. 
 
If a maximum acceptable tilt of 1:100 is assumed (i.e. 30 mm movement on a 3 m 
column), the structure with a 13 GPa concrete stiffness on a soil stiffness softer than 
10 MPa  may  experience  excessive  tilt.   The  structure  with  a  13  000  GPa  concrete 
stiffness on a soil stiffness softer than 1 MPa may experience excessive tilt. 
 
Spatial  variation  in  soil  stiffness  may  cause  more  tilt  than  what  will  occur  on  a 
homogeneous soil.  The above data is based on homogeneous soil stiffness. 
4.3.2  Deflection 
Excessive deflection has an impact on the performance of a building.  Deflection within 
a building is caused by deflection within each slab or by the deflection of multiple 
spans due to column moment.  Deflection of individual slabs is usually decreased by an 
increase in the stiffness (thickness) of the slab.  
 
The British Standards Institution (BSI 8110-2: 1985) recommends a deflection limit of 
1:250 for visual appearances. To limit damage to non-structural elements (unless they 
are specifically detailed to allow for deflections and then the 1:250 visual limit will be 
applicable) the British Standards Institution recommends the following limits: 
·  1:500 or 20 mm, whichever is the lesser, for brittle materials; and 
·  1:350 or 20 mm, whichever is the lesser, for non brittle partitions or finishes. 
 
The literature review suggested the following angular distortion (not deflection) limits: 
·  1:150 to 1:300 for structural damage of frames without cladding, 
·  1:300 to 1:1 000 for facade cracking of frames with non load bearing walls; 
and, 
·  1:300 to 1:2 000 for damage to load bearing walls. 
 
The type of structure analysed was an open plan office with external facades detailed to 
allow  for  deflections.  Therefore  the  angular  distortion  guideline  of  1:150  to  1:300 
would  be  considered  acceptable.    Assuming  angular  distortion  guidelines  do  not 
include any tilt of the building, the deflection ratio is twice the angular distortion, i.e. 124 
1:300  to  1:600.    These  values  are  stricter  than  the  1:250  suggested  by  the  British 
Standards. 
 
Table 4.6 shows the deflection of sections through three adjacent foundations parallel 
to the facade against soil and structure stiffness. Table 4.7 shows the deflection of 
sections diagonal to the facade.  Positive values show a sagging deflection and negative 
values a hogging deflection.  The first part of the tables is for the structure with a 
concrete  stiffness  of  13  GPa  on  a  soil  with  a  stiffness  ranging  from  1  x  10
-4  to 
1 x 10
4 MPa.  The second part of the table is for the structure with a concrete stiffness 
of 13 000 GPa on the same soil stiffness range.  A concrete stiffness of 13 000 GPa is 
unrealistic, however it simulates the effect of a stiffer structure as would be the case 
with bracing and internal walls.   
 
From the results in Table 4.6 and Table 4.7 it is evident that the deflection ratio at 
ground level does not relate to relative bending stiffness; it is a function of both the 
actual soil stiffness and the structure stiffness.  A decrease in soil stiffness generally 
results in an increase in deflection.  A decrease of structural stiffness also generally 
results in an increase in deflection; therefore a flexible structure is more likely to suffer 
from excessive deflection. 
 
For the structure with a concrete stiffness of 13 GPa unacceptable deflection is likely to 
occur on soil stiffnesses softer than 10 MPa.  For the stiffer structure with a concrete 
stiffness of 13 000 GPa unacceptable deflection is likely to occur on soil stiffnesses 
softer than 0.01 MPa. 
 
It is interesting to note that in the model with a concrete stiffness of 13 GPa and a soil 
stiffness of 1 MPa the maximum deflection on the edge is 1:230, on the internal section 
parallel to the edge it is less (1:183) than for the edge section and on the diagonal 
section it is also less (1:134) than for the edge section.  For the model with a concrete 
stiffness of 13 000 GPa and a soil stiffness of 0.001 MPa the maximum deflection on 
the edge is 1:702 and for the internal section parallel to the edge it is less (1:318).  
These values show that the measurement of deflection on the facade of the building 
(i.e.  assuming  that  the  building  deformation  is  primarily  in  2D)  will  result  in  an 
underestimate of the maximum deflection.  It shows the necessity to take into account 
the 3D behaviour when analysing for differential settlement damage. 
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5  CONCLUSIONS AND SUGGESTIONS FOR 
FURTHER WORK 
5.1  Conclusions 
5.1.1  Conclusions from the literature 
·  The literature review shows that soil-structure interaction is important.  Soil-
structure  interaction  causes  transfer  of  loads  within  the  structure  and 
deformations.  Transfer of load within a structure will cause different loads to 
those predicted without soil-structure interaction which may lead to structural 
damage or failure.  Deformations in the structure may cause visual damage i.e. 
cracking of facades or partitions; loss of functionality, i.e. doors and windows 
that get stuck; and unacceptable visual deformations i.e. deflected slabs and 
tilting of columns (Section 1 & 2.4). 
·  Movements  within  the  superstructure  of  a  building  are  not  always  due  to 
differential  settlement  of  foundations.    Significant  movements  within  the 
superstructure may occur due to the movement of the members under imposed 
loads and variation in temperature (Section 2.2.2 & 2.4). 
·  To date definitions to describe differential settlement have been defined for 2D 
deformation  without  provision  for  the  3D  deformation  characteristics  of 
structures.    This  thesis  considers  the  3D  nature  of  modern  flexible  framed 
structures undergoing differential settlement (Section 2.1) 
·  The  current  state  of  the  art  assumes  that  damage  to  a  building  due  to 
differential  settlement  is  confined  to  cladding  and  finishes,  rather  than  the 
structural members.  This may be valid for older conventional buildings with 
brick infill panels, however modern flexible framed buildings with facades that 
allow  for  differential  settlement  may  suffer  from  unacceptable  aesthetical 
deflections,  tilting  or  structural  damage  before  damage  to  the  facades  or 
finishes occur (Section 2.3 & 2.4). 
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·  Extensive codes in the form of Eurocodes and British Standards exist with 
guidelines on how to design a building.  In contrast, there is little guidance in 
the literature on how to perform a numerical analysis of a structure and its 
foundations, with the aim of providing the loads, deformations, shear forces 
and bending moments that will occur in reality. 
5.1.2  Conclusions from the methodology 
·  The methodology involved the design of a structure to determine the member 
sizes for the subsequent finite element analysis (Section 3.1.2). 
·  The design was done using British Standards and the Eurocodes.  Standard 
design  Excel  spreadsheets  from  RCC-2000  were  used  for  the  design.  
RCC-2000  are  design  spreadsheets  based  on  BSI  8119-1  (1997)  and  were 
published by the British Cement Association on behalf of the industry sponsors 
of the Reinforced Concrete Council (Section 3.1.2). 
·  A  finite  element  analysis  of  a  complete  building  on  pad  foundations  was 
carried  out  using  LUSAS  on a  2.4 GHz  Intel  Core2  Duo  PC  with  a  32-bit 
platform and 3 GB of RAM (Section 3.1.2). 
·  The size of the linear elastic model in LUSAS was limited by the discretisation 
of the foundations and supporting halfspace and not by the solver.  LUSAS is 
only available as a 32-bit program and can therefore only use a maximum of 
3 GB of RAM (Section 3.3).  
·  In the finite element model, column loads at ground level supported by a ‘rigid’ 
halfspace were within 10% of the load takedown, calculated assuming each 
column supports half of the span.  The total load from the model was within 
2% of the total load from the load takedown (Section 3.3). 
·  To  determine  the  optimal  element  type,  discretisation  and  halfspace 
boundaries, a single rigid foundation on a halfspace was modelled and the load 
displacement  response  compared  to  standard  elastic  solutions.    The  load-
displacement response of a single rigid pad foundation could be calculated to 
within 1% of the approximate elastic solution. However the mesh size needed 
for this accuracy proved to be too fine for the complete model to work, given 
the  available  computer  resource.    Reducing  the  accuracy  of  the  single 
foundation load-displacement ratio to within 7% allowed a usable mesh density 
for the complete model (Section 3.3). 
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Horizontal force of 1.5% of 1 floor weigh and colums:   
Floor weight (7.775x23.1x23.1): 4148.8 kN     
Columns weight (0.6x0.6x2.7x36x24.03): 23.4 kN   
External wall (23.1x4x7.241): 669.1 kN     
Total: 4841.2 kN       
1.5 % of weight: 72.62 kN       
Distibuted load (72.62/(3x23.1)): 1.047 kN/m2 < 0.837 + 0.552 OK 
       
Dead Loads       
       
Materials Weights(BS 648:1964)     
Reinforced concrete: 24.03 kN/m3     
Screed (0.5 inch): 0.293 kN/m2     
Clay tiles (0.5 inch): 0.273 kN/m2     
Roof asphalt (0.75 inch): 0.419 kN/m     
Brickwork: 21.535 kN/m3       
Glazing: 0.195 kN/m2       
       
Floors       
Reinforced concrete 
(300mm)  7.209  kN/m2   
Screed  0.293  kN/m2   
Clay tiles  0.273  kN/m2   
Total  7.775  kN/m2   
       
       
Roof       
Reinforced Concrete 
(250mm)  6.008  kN/m2   
Roof Asphalt  0.419  kN/m2   
Total  6.427  kN/m2   
       
External walls       
50% Glazing, 50% 
Brickwork         
Brickwork 
(240mmx2700mm)  13.955  kN/m   
Glazing (2700mm)  0.527  kN/m   
Weighted Average  7.241  kN/m   
       
Design loads (ULS) (BS 8810-1:1997 )   
       
Partial safety factors for loads     
Dead and imposed load combination     
Dead adverse  1.4     
Dead beneficial  1.0     
Imposed adverse  1.6     
Imposed beneficial  0.0     
       
  DL  IL   
Roof (kN/m2)  6.43  1.50   
Floor (kN/m2)  7.78  3.50   
Walls (kN/m)  7.24  -   
         A-3 
Factored  DL  IL   
Roof (kN/m2)  9.00  2.40   
Floor (kN/m2)  10.89  5.60   
Walls (kN/m)  10.14  -   
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Footing acceptable for design approach 1, combination 1 
Combination 2: A2, M2 and R1          2.4.7.3.4.2 
 
Design load (A2) 
 
Vd2 = g G x Vk  + g Q x VL            Table A3 
Vd2 = 1.0 x 2164.4 + 1.3 x 160 
Vd2 = 2372.4 kN 
 
Design strength (M2)              Table A4 
 
Cud2 = cuk /g cu 
Cud2 = 90 / 1.4 
Cud2 = 64.3 kPa 
 
Soil surcharge, design value adjacent to footing (A2)      Table A3 
 
qd2 = qk xg G 
qd2 = (5 x 20) x 1.0 
qd2 = 100 kPa 
 
Design bearing resistance (R1)          Table A5 
 
Rd2 = Rk /g R;v 
Rd2 = Rk / 1.0 
Rd2 = Rk  
Rd2 = 10.89 [(π + 2)1.2 x 64.3 + 100] 
Rd2 = 5408.4 kN 
 
Check 
 
Vd2 should be ≤ Rd2 
2372.4 kN < 5408.4 kN 
Footing acceptable for design approach 1, combination 2 
 
Settlement 
 
Settlement using Vk  ≤ Rk / 3 
 
Vk + VL = 2324.4 kN 
 
Bearing capacity Rd1 unfactored 
g R;v  = 1.0 (bearing resistance)  
g G    = 1.0 (surcharge) 
g cu    = 1.0 shear strength)   
Rk     = Rd1  
Rk     = 7136.1 kN 
 
Check 
 
Rk / (Vk + VL)= 7136.1/2324.4 = 3.07 (>3) 
Footing acceptable for settlement   E-6 
Design load (A2) 
 
Vd2 = g G x Vk  + g Q x VL            Table A3 
Vd2 = 1.0 x 3501.4 + 1.3 x 321 
Vd2 = 3918.7 kN 
 
Design strength (M2)              Table A4 
 
Cud2 = cuk /g cu 
Cud2 = 90 / 1.4 
Cud2 = 64.3 kPa 
 
Soil surcharge, design value adjacent to footing (A2)      Table A3 
 
qd2 = qk xg G 
qd2 = (5 x 20) x 1.0 
qd2 = 100 kPa 
 
Design bearing resistance (R1)          Table A5 
 
Rd2 = Rk /g R;v 
Rd2 = Rk / 1.0 
Rd2 = Rk  
Rd2 = 17.64 [(π + 2)1.2 x 64.3 + 100] 
Rd2 = 8760.7 kN 
 
Check 
 
Vd2 should be ≤ Rd2 
3918.7 kN < 8760.7 kN 
Footing acceptable for design approach 1, combination 2 
 
Settlement 
 
Settlement using Vk  ≤ Rk / 3 
 
Vk + VL = 38224 kN 
 
Bearing capacity Rd1 unfactored 
g R;v  = 1.0 (bearing resistance)  
g G    = 1.0 (surcharge) 
g cu    = 1.0 shear strength)   
Rk     = Rd1  
Rk     = 11559.4 kN 
 
Check 
 
Rk / (Vk + VL)= 3822.4/11559.4 = 3.02 (>3) 
Footing acceptable for settlement 
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Footing acceptable for design approach 1, combination 1 
Combination 2: A2, M2 and R1          2.4.7.3.4.2 
 
Design load (A2) 
 
Vd2 = g G x Vk  + g Q x VL            Table A3 
Vd2 = 1.0 x 5654.5 + 1.3 x 641 
Vd2 = 6487.8 kN 
 
Design strength (M2)              Table A4 
 
Cud2 = cuk /g cu 
Cud2 = 90 / 1.4 
Cud2 = 64.3 kPa 
 
Soil surcharge, design value adjacent to footing (A2)      Table A3 
 
qd2 = qk xg G 
qd2 = (5 x 20) x 1.0 
qd2 = 100 kPa 
 
Design bearing resistance (R1)          Table A5 
 
Rd2 = Rk /g R;v 
Rd2 = Rk / 1.0 
Rd2 = Rk  
Rd2 = 29.16 [(π + 2)1.2 x 64.3 + 100] 
Rd2 = 14481.9 kN 
 
Check 
 
Vd2 should be ≤ Rd2 
6487.8 kN < 14481.9 kN 
Footing acceptable for design approach 1, combination 2 
 
Settlement 
 
Settlement using Vk  ≤ Rk / 3 
 
Vk + VL = 6295.5 kN 
 
Bearing capacity Rd1 unfactored 
g R;v  = 1.0 (bearing resistance)  
g G    = 1.0 (surcharge) 
g cu    = 1.0 shear strength)   
Rk     = Rd1  
Rk     = 19108.3 kN 
 
Check 
 
Rk / (Vk + VL)= 6295.5/19108.3 = 3.04 (>3) 
Footing acceptable for settlement 